The dynamic model of a multi-disc clutch is developed that can calculate the contact pressure and the spline friction force acting at each friction surface. The thermal model is employed to investigate the temperature variation of each friction component. The simulation results show that due to the existence of spline friction, the contact pressure decreases along the axial direction, thus leading to the decline of the spline friction force. Moreover, because of the attenuation of contact pressure, the surface temperature and friction torque decrease gradually along the axial direction. The highest temperature and friction torque both occur in the plate near the clutch piston. Therefore, the plate close to the piston is more prone to the thermal buckling.
Introduction
The multi-disc clutch is one of the most important components in the transmission system [1] . In the multi-disc clutch pack, the friction discs are mounted to the driving gear by splines, and the separate plates splined to the cylinder liner to transfer power to the transmission system. The large amount of friction heat generated during the sliding period has been a lasting challenge which faced by the clutch designers and manufacturers [2] . So far, numerous researches have been conducted to analyse the transient thermal behaviour of the multi-disc clutch.
Choi and Lee [3] investigated the transient thermodynamic behaviour of the brakes, indicating that the rotating speed had a great influence on the thermal state and contact ratio of the contact surfaces. Li et al. [4] studied the temperature field of the carbon fabric wet clutch during the engagement process by the finite element analysis. The maximum temperature distribution in a braking system was obtained with the thermal sensitivity of the disc material and the roughness of contact surface taken into account [5] . Yang et al. [6] investigated the thermal deformation and the contact pressure distribution on the friction surfaces, indicating that the contact pressures were different in different friction surfaces. In addition, Yu et al. [7] studied the generation and variation mechanism of the friction torque with the applied pressure, rotating speed and automatic transmission fluid (ATF) temperature taken into consideration. Marklund et al. [8] developed a torque transfer model in the boundary lubrication conditions. However, the spline friction has a great influence on the attenuation of contact pressure along the axial direction. When the piston was moving along the axial direction at the early clutch engagement, the spline teeth of the friction components were subjected to the dynamic friction. After the gaps among the friction pairs were eliminated, the friction components still tended to move axially due to the existence of the applied pressure, so the dynamic friction of the spline teeth was converted to static friction. Surprisingly, there are relatively few studies devoted to the investigation of the spline friction. Newcomb et al. [9] established the axial force model of the friction surfaces with the consideration of spline force. A mathematical analysis was conducted to analyse the effects of the spline friction on the friction torque [10] . Now, this paper is conducted to study the thermodynamic performance of friction pairs in a multi-disc clutch with the consideration of spline friction.
Numerical model 2.1. Dynamic model
As shown in Fig.1 , the friction components are numbered as 0, 1, 2,…, i, i+1, …, M, and the contact surfaces are also numbered as S1, S2,…, SM. To exemplify it, the plate 2 has two friction surfaces, namely S2 and S3. Moreover, the applied pressure papp is uniformly distributed on the piston. During the clutch engagement process, the forces on a single separate plate is shown in Fig. 2 . The spline friction force can be deduced as fr fn
where μf is the spline coefficient of friction (COF), μf = 0.12 [11] . The contact pressure on each friction surface can be expressed as
Consequently, the friction torque on each separate plate can be given as
The attenuation coefficient of contact pressure ξ is introduced to characterize the contact pressure distribution among the friction surfaces. 
According to Eqs. (1) (2) (3) (4) , the friction force can be simplified as follows [10] .
Integrating Eqs. (1), (2) and (5), the contact pressure can be expressed as
Thermal model
The heat conduction equation of the friction components can be written as
It is assumed that the frictional work is totally converted into friction heat without any loss and the friction surfaces are in good contact. The friction heat on the friction pair is described as [12] sf pr
where the surface COF are obtained by the pin-on-disc test [ 
According to the material characteristics of the plate and disc, the heat partition factor of Cu-based friction pairs can be written as [14] s s s
Therefore, the heat flux, conducting to the plate and disc, equals:
FFHMT 107-5
Additionally, the boundary conditions are applied as follows. 
Results and discussion
Considering the spine friction, the thermodynamic characteristics of a 16-friction-pair clutch system are discussed in this section. The simulation conditions are as follows. The initial rotating speed is 1500rpm and it decreases linearly; the applied pressure keeps at 1MPa. The engagement process lasts 1 second. Additionally, the separate plate is made of 65 Mn steel; the friction disc is coated by the copper based powder metallurgy. The inner and outer radii of the friction components are 0.060m and 0.073m, respectively. The material parameters of the friction components are listed in Table 1 . Figure 3 demonstrates the variations of the spline friction force and contact pressure along the axial direction in a 16friction-pair system. As shown in Fig. 3(a) , the maximum friction force appears in the disc 1 which is 377.6N; due to the fact that Plate 0 has only one surface to transfer the friction torque, the minimum friction force appears in Plate 0 and the value is 128.5N. Apart from Plate 0, the spline friction force of plate decreases linearly with the increase of the friction components, so does the friction force of disc. In addition, as shown in Eq. (1), since the pitch radius of friction disc is smaller than that of separate plate, the spline friction force of disc is much larger than that of separate plate. As shown in Fig. 3(b) , the contact pressure decreases almost linearly along the axial direction. To be more specific, the contact pressure on the surface S16 is only 0.75MPa, implying that the contact pressure decreases by 0.25MPa from S1 to S16. However, the spline force, which can bring about the decrease of contact pressure, not only affects the torque transfer capacity of the clutch, but also have a great influence on the temperature field of the clutch. Figure 4 depicts the radial temperature field of the 16-friction-pair cutch system at the end of the engagement. It should be noted that the Plate 0 and Plate 16 just have one friction surface to produce the heat flux, while there is a dramatic thermal diffusion on the other surface of both plates. Consequently, the temperature in these two plates is much lower than that of other plates. Apart from that, the surface temperature decreases gradually along the axial direction. That can be interpreted as follows. It is known that the heat flux is proportional to the contact pressure which decreases along the axial direction because of the spline friction as shown in Fig.3 (b) . As a result, there exists a significant temperature gradient along the axial direction, and the highest temperature occurs in the plate 2 which is 128.9°C. In addition, the plate and disc close to the piston are more prone to thermal buckling and thermal degradation. Figure 5 demonstrates the variations of the average temperature and friction torque during the engagement process. Because the radial temperature of plate increases linearly as shown in Fig.4 , the temperature in the medial radius can be regarded as the average temperature. It should be noted that both the average temperature and friction torque decreases along the axial direction. The reason is that the contact pressure is also proportional to the friction torque. The friction torque decreases from 90.3 N·m to 62.4 N·m at the early engagement from the Plate 2 to Plate 14; The friction torques of Plate 0 and Plate 16 are respectively 47.3 N·m and 30.0 N·m, implying that the friction torque decrease by 17.3 N·m from S1 to S16. It is usually assumed that the total friction torque of a multi-disc clutch will merely be the friction torque on a single separate plate multiplied by the number of such plates. The existence of the spline force means that it is clearly impossible. The growth rate of the friction torque decreases with the increase of friction components.
Conclusion
The thermodynamic analysis of a 16-friction-pair clutch system has been performed to investigate the effect of the spline friction on the variations of the temperature and friction torque. The simulation results demonstrated that the contact pressure decreased linearly along the axial direction because of the spline friction, thus leading to the decline of the spline friction force. However, due to the fact that the pitch radius of disc is smaller than that of plate, the spline friction force of disc is much larger than that of plate. Moreover, because of the attenuation of contact pressure, the surface temperature and friction torque decrease gradually along the axial direction. The highest temperature and friction torque both occurred in the Plate 2. As a result, the plate and disc close to the piston were more prone to the thermal buckling and thermal degradation. The friction torque increased nonlinearly with the increase of friction pairs that the calculation of friction torque should consider the attenuation of contact pressure.
